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INDIVIDUAL RESEARCH ABSTRACT 

Our research on intense, high-brightness charged particle beams encompassed 

efficient generation and transport of H" beams. The work was directed towards the 

development of neutral particle beams for space defense applications. Other important 

relevance of this work has been in the context of developing low-emittance injectors for 

future high-luminosity colliders. In both the cases, the present state-of-the-art of beam 

qualities is far from the desired level. Over the past several years, we made detailed 

theoretical work, both analytical and computational, on the problem of emittance growth. 

A 30 mA, 35 kV H" beam was considered with the aim of transporting this highly 

diverging beam from an ion source over a distance of about 30 cm and transforming it 

into a converging beam which would match with the acceptance ellipse parameters of 

a high-frequency radio-frequency quadrupole accelerator (RFQ). We studied the beam 

dynamics in detail using simulation codes, and then designed a low-energy beam 

transport (LEBT) device. We included the practical constraints as much as possible in 

our theoretical studies; this led us to expect good performance of the LEBT. The LEBT 

has been built in-house. 

Our work until mid January 1994 was earlier reported to ONR in the renewal 

proposal of this contract (No. N00014-90-J-1913) which was submitted to ONR in January 

1994; the sections covering the progress report have been included in Appendix A. 



During the period of mid January 1994 to December 1994 we focussed on the 

operation of the magnetron-type H" source; the major components of the source were 

earlier received from the Superconducting Super Collider Laboratory (SSCL). After a good 

deal of investigation of the control parameters we decided to implement some major 

modifications in the source for long, reliable operation. The technological "know-how" for 

source operation has been developed. 

We are now fully equipped to run in-house experiments using the magnetron ion 

source facility and the LEBT system. Unfortunately, as this contract had been terminated, 

we are forced to leave a very important work incomplete at its final stage. 
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RESEARCH  OBJECTIVES: 

With the goal to meet the requirements of the neutral particle beam program for 

space defense we worked on understanding and improving the current state-of-the-art of 

transport and focusing of intense, high-brightness H" beams. The main task here has 

been to develop an efficient low-energy beam transport (LEBT) system and satisfy a very 

stringent emittance budget. 

We made a critical analysis of the existing schemes for beam transport and 

focusing. Despite siginificant amount of research in the past, no experimental evidence 

of an efficient LEBT system for high-perveance beams exists today. A generalized beam 

perveance of K = 0.003 is considered here; K = 2l/l0ß3Y3, where I is the beam current, 

IQ is the characteristic current and it is 31 MA for H" ions, ß and y are the usual 

relativistic notations for beam velocity and mass correction factor, respectively. Based on 

detailed simulation of beam dynamics we designed a 30 cm-long LEBT system consisting 

of six electrostatic quadrupole lenses (ESQ) and a short einzel lens. The ESQ LEBT has 

been constructed in-house. The main objective of our work was to perform beam 

transport experiments with our ESQ LEBT and compare the experimental results with 

simulation predictions. A cross check between experiments and simulations will shed a 

very important light to the present state-of-the-art. 

We developed an H" test stand facility to support the experimental work in-house. 
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PROGRESS REPORT 

The progress report of our work until mid January, 1994 was submitted to ONR in 

the last renewal proposal; the relevant sections are included in Appendix A. 

During the period of mid January to December 31, 1994 our research effort in 

experiments was mainly focused to the following items: 

(a) Study of H" beams from the magnetron ion source on our in-house test stand; 

(b) Optimization of control parameters for the source operation; 

(c) Development of diagnostics. 

In regard to the theoretical work, a significant progress was made towards 

improvement of the linear beam optics code, which solves the K-V envelope equations, 

for a computer-aided optimization scheme. 

Our major accomplishments in experiments and theory are described below. 



A. Experiments with H" Magnetron Ion Source at Maryland 

The H" ion source on our in-house test stand has been operational. A good deal 

of effort was made to obtain a stable discharge in the magnetron-type ion source, to run 

the source reliably for a long time, and to extract H" beams with out any significant arcing 

across the extraction gap. The key elements for achieving a satisfactory operation of this 

surface plasma source were found to be: (a) control of cesium feed, (b) control of gas 

dynamics, (c) choice of the operating point on the arc current vs. arc voltage 

characteristics, and (d) surface conditions of the electrodes. Due to complex surface 

processes involved in the generation of the H" beams from surface plasma sources, the 

optimum operating conditions for one source can be widely different from another one if 

the two sources are not identical in all respects. Experiments were carried out with our 

ion source over a wide range of values of the control parameters to determine the 

optimum condition for operation of our source and also for efficient extraction of H" 

beams. In order to diagnose the H" beam we implemented several diagnostics, namely, 

toroid, Faraday cup, and phosphor screen. 

Typical discharge characteristics for different operating conditions of our 

magnetron source are shown in Figs.1 and 2. We noted that the best operating conditions 

corresponded to: cesium boiler temperature of about 115 C, hydrogen gas pressure of 

2-3x10" Torr (average pressure), arc voltage of about 130 V, and arc current of about 

25 A. Typical pulse shapes of the arc voltage and extracted H" current are shown in 

Figs. 3 and 4. 

We have so far established a reliable operation for an H" beam current of about 

18 mA at extraction voltage of 25 kV; the perveance of this beam is almost same as 30 



mA, 35 kV beam which correspond to the input beam parameters for the LEBT disign. 

B. Theoretical Work 

A computer-aided optimization method for designing the LEBT system has been 

developed. In its present form, a numerical code searches for the optimal combination of 

a set of lens parameters when the trajectory through the entire lens system remains very 

close to a predetermined trajectory. The predetermined trajectory is generally chosen on 

the basis of minimization of some parameters which control the emittance growth. Some 

preliminary numerical results are shown in Figs. 5 - 7. Figures 5 and 6 are for magnetic 

solenoids; figure 7 corresponds to electrostatic quads. Input beam corresponded to 

generalized perveance of 0.01 and effective emittance of 10"4 m rad. The optimal 

focusing function in each case is determined automatically through the numerical scheme 

which implements the aforementioned minimization principle. 



Figure Captions: 

Fig. 1 Extracted  H" current   vs. arc current for various extraction voltages in the 

magnetron source. 

Fig. 2  Extracted H" current   vs. extraction voltage for various arc voltages in the 

magnetron source. 

Fig. 3 Pulse shapes for: extracted H" current (top), and arc current (bottom). Horizontal 

scale: 10 us/div. Vertical scale: 5 mA/div (top), 10 A/div (bottom). 

Fig. 4 Pulse shapes for: extracted H" current (top), and arc current (bottom). Horizontal 

scale: 10 us/div. Vertical scale: 5 mA/div (top), 10 A/div (bottom). 

Fig. 5 Optimal trajectory (thick line) for a magnetic solenoid lens system for R. = 1 cm 

and  Rj   = 20 mrad and  Rf = 1 cm, Rf = -20 mrad. The hard-edge focusing 

functions for the lenses are shown by dashed lines. 

Fig. 6 Optimal trajectory (thick line) for a magnetic solenoid lens system for Rf = 2 cm, 

Rj = 0 mrad and Rf = 1 cm, Rf = -20 mrad. The hard-edge focusing functions for 

the lenses are shown by dashed lines. 

Fig. 7 Optimal trajectory (thick line) for an ESQ lens system for Rj = 2 cm and  R-' = 
t 

20 mrad   and    Rf = 2 cm,  Rf     = - 20  mrad.  The  hard-edge focusing 

functions for the lenses are shown by dashed lines. 
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1    Introduction 

The problem of efficient generation and transport of intense, high-brightness charged particle 

beams is of crucial importance for advanced accelerator applications in basic science, energy, 

defense, and industry. These beams are characterized by very high peak and/or average 

power at full energy and very stringent requirements on beam quality (emittance, energy 

spread). Examples are high-current H" or proton linacs for high-energy colliders, space 

defense, transmutation of radioactive nuclear waste, tritium production, neutron spallation 

sources, or the thorium reactor scheme recently proposed by Rubbia at CERN; heavy-ion 

accelerators for inertial confinement fusion; electron beams for high-power microwave gen- 

eration, free electron lasers, or future linear e+e~ colliders. In all of these applications, the 

beams are dominated by space-charge effects at low energies (near the particle source) and to 

a lesser extent throughout much of the accelerator systems. Many important beam physics 

issues, e.g., maximum allowable current under optimal conditions, brightness limitations, 

sources of emittance dilution or beam loss in transport channels and accelerators, etc., need 

to be investigated through an interplay of controlled experiments, reliable computer simu- 

lations and rigorous theoretical work to enhance the present understanding and state-of-the 

art. Our research at the University of Maryland sponsored by ONR has as its major goal 

the study and development of an efficient system to transport the high-brightness H~ beam 

from a magnetron or volume ion source and focus (match) it into a RFQ linear accelerator. 

All existing accelerators use space-charge neutralization by a background gas which is ion- 

ized by the beam. But this technique is highly unsatisfactory due to the empirical nature 

of optimizing performance, the lack of reproducibility and the poor beam quality and beam 

loss that often result from instabilities and nonlinear forces in the neutralization channel. 

By contrast, an electrostatic lens system, which suppresses space-charge neutralization, can 

be designed and operated with the aid of simulation codes and, in principle, its performance 

should be predictable and reproducible. Nonlinear forces due to fringe fields and chromatic 

aberrations can be issues of concern in electrostatic systems. However, with the "realistic" 

simulation codes at our disposal the electrostatic lens system may be designed in a way that 

these deleterious effects are minimized. Ultimately, we plan to compare the performance 

of different transport schemes experimentally on our test stand; this will be the first such 

effort to determine which method represents the best solution to this important problem. 



H~ beams offer many attractive features over proton (H+) beams. By charge-exchange they 

can be used to generate charge-neutral H-beams for space defense, fusion-plasma heating 

and other applications or proton beams for non-Liouvillean phase-space stacking in syn- 

chrotrons or storage rings. A further advantage of H~ beams is that the contamination by 

other negative ions is negligibly small (the electrons can be easily removed from the beam 

by a deflecting magnetic field at the source). Proton beams from hydrogen plasmas, by con- 

trast, are usually contaminated by molecular hydrogen ions (H£, H^) and other positive ion 

impurities. Because of these special advantages, H~ sources are now also being considered 

for application in ion-beam microlithography, and a joint paper with V. G. Dudnikov on 

this topic will be published shortly (see paper#10 in Sec. 2.8). Our research program on 

high-brightness H~ beams involves experimental, computational and theoretical work on the 

generation and transport of the beams; the major emphasis here is on the study of the beam 

emittance and brightness limitations. 

Over the past several years of our research under ONR sponsorship we investigated vari- 

ous methods of transporting high-brightness H" beams. In the course of this work we studied 

the beam characteristics from different types of H" sources, namely, the Penning-Dudnikov 

type, the volume ionization type, and magnetron type sources. We have determined by 

detailed simulation studies that an electrostatic quadrupole lens system is a good choice, es- 

pecially for transporting pulsed beams (for pulse length < charge-neutralization time). We 

have developed a set of simulation codes with unique features to study the beam dynamics 

in such a lens system. Many practical features and constraints are included in our simulation 

codes, and the simulation predictions are expected to be reliable. 

During the current two-year contract period we made the transition from theory and 

design studies to setting up an experimental program, as we had envisioned in our last 

proposal. This transition was made possible through a collaboration agreement with the 

SSCL - there are no funds for equipment in our current ONR contract. The SSCL had 

acquired two different types of H~ sources, a magnetron source and a volume source. They 

were interested in an independent research study like ours to determine the optimal way of 

transporting and matching the H~ beams from these two sources into the RFQ accelerator. 

By a fortunate coincidence, the beam parameters for the SSC - like those at Brookhaven 

and Fermilab - are very similar to the requirements for space-defense applications that we 

have been studying. Initially, we had planned to do experiments at the SSCL site. However, 



while developing a low-energy beam transport (LEBT) system for experiments with the SSCL 

volume ionization source we found that the priorities of experiments at the SSCL were often 

in conflict with our plan and it caused significant delay in our program; also such a mode of 

operation was very inefficient and expensive in terms of travel time. This difficulty had been 

anticipated by us, and we recognized already two years ago that an in-house test facility 

should be developed to make real progress and to provide the best training for graduate 

students in this area of research. Fortunately, we were able to persuade the SSCL to ship 

the magnetron ion source including the vacuum system, power supplies and a substantial 

portion of the associated electronics to the University of Maryland. Adequate space was 

provided in the Institute for Plasma Research, and during the past months we have worked 

very hard to build up the laboratory, to assemble the H~ beam facility and to develop a 

control system for operating the ion source. Initial tests of the individual components have 

been conducted, and necessary software support to control the components remotely has 

been developed. At this time (mid-January, 1994) the ion source is operational, and the 

study on generation, extraction, and transport of H~ beams will be resumed soon. 

In parallel with the assembly of the ion-source test facility we worked on the development 

of a new electrostatic quadrupole (ESQ) lens system designed to transport the H" beam 

from the magnetron source. This ESQ system is currently being assembled, and with its 

completion we will have a full-scale facility to do experimental research. What we still need 

is some of the diagnostics such as an emittance meter, current profile monitors, etc. We 

have included some support in the proposed budget to develop these diagnostic systems 

in-house. We recruited a new outstanding graduate student, C.-H. Chen, to do his Ph.D. 

dissertation research with our H~ beam facility, and some additional support is required 

to pay his graduate research assistantship until Chris Allen who occupies the current RA 

position in our ONR contract, completes his Ph.D. by the end of this year. 

In theoretical work we have made significant improvements to the simulation codes tak- 

ing into account many practical considerations. A new code has been developed to solve the 

Laplace/ Poisson equations on a personal computer. The code is being tested and its perfor- 

mance is being compared with our previous effort on using a finite difference method solution 

on the Connection Machine. Chris Allen, our graduate student for theory and simulation, 

has been working on the theoretical problem of beam transport towards his Ph.D.degree. He 

is expected to finish the Ph.D. work by the end of 1994. We intend to continue our work on 



Simulation studies by detailed comparison of the simulation predictions with beam transport 

experiments. In the experiments planned in our laboratory we will be able to examine the 

merits of the various codes and study direct comparison between simulation predictions and 

measurements. 

Chris Allen, in his Ph.D. dissertation, is also involved in fundamental studies of the role 

of image forces on the longitudinal beam behavior and equilibrium of bunched beams. 

There has also been major progress in the related work on the thermodynamic description 

of bunched beams and on the behavior of space-charge waves in electron beams. 

A progress report of our recent work is presented in Sec. 2. The proposed research 

program is described in Sec. 3, and the estimated budget requested from ONR is given in 

Sec. 4. 

2    Progress Report 

2.1    Background and Overview 

During the current two years of our research supported by ONR the characteristics of H" 

beams from two types of ion sources at the SSCL, namely, a volume ionization type and a 

magnetron type source, were studied, and suitable LEBT systems were developed through 

detailed simulation of beam dynamics. The crux of the problem was to develop an efficient 

LEBT system so that a highly diverging beam from the source could be transformed into a 

highly converging one to match it to the acceptance ellipse of a radio-frequency quadrupole 

(RFQ) accelerator. The parameters of the SSC RFQ were considered, and this required to 

follow a very stringent emittance budget. After detailed beam dynamics studies, we were 

finally successful to design an optimized LEBT system that could deliver a matched beam 

to the SSC RFQ. This is the first time that such good beam matching has been simulated 

in the context of a particular experiment. The simulation codes were simultaneously im- 

proved by incorporating many practical features that we had encountered during analysis of 

experimental data. Details of our work on high-brightness beam transport and focusing are 

described in Sec. 2.2. 

As the current ONR contract does not have provisions for purchasing equipment, we 

had planned so far to carry out the beam transport experiments in an external laboratory 



where an ion source and beam diagnostics facility could be available. In view of this some 

collaboration was established initially with the Los Alamos National Laboratory to use the 

BEAR (Beam Experiment Aboard a Rocket) test stand and later with the Superconducting 

Super Collider Laboratory (SSCL). However, the BEAR facility was shut down, and the 

priority of experimental programs at the SSCL was often found to be in conflict with our 

plan; this caused a significant delay in our experiments. This experience led us to put a strong 

effort to set up an ion source test stand in-house at Maryland. Finally, our efforts paid off, 

and in the summer of 1993 we received a magnetron ion source through a collaboration 

arrangement with the SSCL. Sec. 2.3 describes the status of the magnetron ion source and 

the test stand facility. 

The Maryland test stand has been designed to accommodate some flexibility in terms of 

performing tests of a LEBT system without coupling it with the ion source, namely vacuum 

tests, voltage hold-off tests, etc. The LEBT system and the test results have been described 

in Sec. 2.4. 

In theoretical work supported by this contract, Chris Allen, a graduate research assis- 

tant working towards his Ph.D. has developed a new moment-method Laplace solver to aid 

designing the low-energy beam transport system. This technique is expected to increase 

both speed and accuracy of electrostatic field calculations. The longitudinal image force on 

bunched beams has been calculated in cylindrical conducting tubes assuming an ellipsoidal 

uniform density; the geometry factor involving the bunch length and the tube radius has 

been shown to play an important role in the calculation of the image field. Further, the 

problem of particle distribution for a relativistic beam in a linear focusing system with dif- 

ferent transverse and longitudinal temperatures has been studied taking into account the 

space-charge forces. Additional work on the thermodynamic equilibrium state of a bunched 

beam is also described there. Some details of the theoretical work have been described in 

Sec. 2.5. In Sec. 2.6 we will discuss some related work with electron beams. References are 

given in Sec. 2.7 and papers resulting from our research will be listed in Sec. 2.8. 

2.2    High-Brightness H~ Beam Transport and Focusing 

After a good deal of investigation of the characteristics of various types of transport systems,1,2 

we decided to focus our attention on an electrostatic system, mainly the electrostatic quadrupole 

configuration,3-4 in the context of transporting short-pulse beams (typically, pulse length < 



beam neutralization time). Our approach has been to initially develop a good understanding 

of the beam dynamics through simulation studies, and to build up a close link between ex- 

perimental results and simulation predictions. This helped us to continuously improve upon 

any weak points of the simulation schemes, and it, therefore, enhanced the confidence level 

of simulation predictions. 

As mentioned earlier, the goal of this work has been to deliver a matched beam to an RFQ 

in a linac section without any significant emittance dilution. As we were lately connected 

to the SSCL for beam transport experiments, we used the acceptance ellipse parameters of 

the SSC RFQ.5 The matching conditions of the SSC RFQ were governed by the following 

Twiss parameters: a = 1.26, ß = 1.86 cm/rad, en = 0.2 mm-mrad. This demanded a strong 

convergence of the beam from the LEBT section: beam diameter of ~2.2 mm and slope of 

the beam envelope of 90 mrad. From an analysis of beam parameters from the source, as 

described in the next two sections, we determined that a combination of a 6-lens ESQ LEBT 

and a short einzel lens module between the ESQ and the RFQ could efficiently handle the 

emittance budget giving a good tunability of the LEBT. This scheme was found especially 

suitable for the SSC RFQ where a large drift space (~ a few cm) was used to accommodate 

the mechanical structures as its front wall; however, from the beam dynamics viewpoint the 

drift space should be kept to a minimum to deliver a good beam to the RFQ. The LEBT 

system has been described in the following two sections for H" beams corresponding to (i) 

SSCL volume source and (ii) SSCL magnetron source. 

2.2.1    Transport of H" Beams from a Volume Source 

The emittance measurements of a 30 mA, 35 kV H" beam from the SSCL volume source 

have been shown as contour plots in Fig. 1. These data were taken at a distance of about 

10 cm from the extraction electrode (aperture radius of the extractor = 4 mm). The beam 

parameters at this location were estimated as7: beam size = 2.38 cm, full divergence = 

260 mrad, rms normalized emittance i* = 0.1537 mm-mrad. The drift space of 10-cm-long 

was due to afl electron suppression system used to separate the electron component (initial 

electron-to-ion current ratio was about 40.) from the extracted H" current. Such a long drift 

space caused a significant blow-up of the H" beam; a shorter electron suppression system of 

about 5-cm-long was planned to be used. 

In order to estimate the beam parameters at the extraction electrode the aforementioned 



beam data at z = 10 cm were used as input to a simulation code solving the K-V envelope 

equations. This code, developed here, included several practical considerations, e.g., space- 

charge effects due to the accumulation of extraneous charges (electrons and positive ions) 

in the neighborhood of the extraction region, plausible profiles of the extraneous charge 

elements, etc. Figure 2(a) shows the assumed space-charge correction factor, /, due to the 

electrons. Note that / was taken negative; the beam perveance K in the envelope equations 

x» + KX(Z)X - Y-pf - ^ = o, 

IK        e2 

should be multiplied by a factor of (1 -/) to include the space-charge forces due to electrons. 

The beam envelope upstream towards the extraction electrode (here, at z =0) is shown in 

Fig. 2(b). This suggests that the beam formed a waist close to the extraction electrode and 

it filled up almost the full aperture. 

Using the above information of beam parameters at the extraction electrode, the char- 

acteristics of the ESQ LEBT system and the behavior of the beam through the LEBT were 

determined. Figure 3 shows the envelope of the H" beam through the ESQ LEBT. It may 

be noted that the aperture of the ESQ lenses were about a factor of two larger than what 

we mentioned in our previous report to ONR; this change was necessary to accommodate 

the large beam at the end of the 5 cm-long electron suppressor in this experiment. The 

distribution of the beam particles through the ESQ LEBT was estimated using the modified 

PARMILA code.3 Figure 4 shows the particle distribution in phase space. The output beam 

parameters are: X = 7.2 mm, Y = 7.3 mm, X' = -51 mrad, Y' = -51 mrad, ratio of 

output-to-input rms normalized emittance e„//c„i ~ 1.5. From our simulation studies we 

concluded that the emittance growth was mainly due to chromatic aberrations. 

Using the output beam parameters from the ESQ LEBT as input to an einzel lens, it was 

determined from the SNOW-2D code that the einzel lens geometry, shown schematically in 

Fig. 5a, satisfied the nominal matching conditions at a distance of about 3.0 cm from the 

front wall of the SSC RFQ without any noticeable emittance growth (Fig. 5b); the third 

electrode at ground potential simulated the front wall of the RFQ. 

It was concluded that the LEBT system consisting of the ESQ lenses and an einzel lens 

could deliver a matched beam to the SSC RFQ with an emittance growth of about 50%. 



2.2.2    Transport of H~ Beams from a Magnetron Source 

The emittance measurement of the H" beam from the SSCL magnetron source is shown in 

Fig. 6. These data were taken at 11.75 cm downstream from the extraction slit of the source; 

the beam diameter was about 3.5 cm, the full beam divergence was about 300 mrad, and e„ 

= 0.12 mm-mrad. In the case of the magnetron source the ratio of e/H~ in the extracted 

current was about 1-2; hence, the space-charge effect of the electrons might not have been 

important. Following the method as described in the previous case (Sec. 2.2.1), the beam 

parameters at the extractor were estimated using the aforementioned emittance data, and it 

was found that X ~ 1.1 mm and X' ~ 70 mrad. 

The existence of a 5 cm-long extraction cone had severely restricted the accessibility of 

the ESQ LEBT. This resulted in dealing with a very large, highly divergent beam at the 

input of the LEBT. The beam envelope through the ESQ LEBT has been shown in Fig. 7. 

It was noted from the particle simulation results that the emittance growth for the full beam 

current of 30 mA was quite large - a factor of about 3. Scraping off about 15% of the beam 

particles the emittance growth dropped to a factor of 1.5; Fig. 8 shows the phase-space 

distribution of the particles. The output beam parameters from the ESQ LEBT were found 

as: X = 4.7 mm, Y = 4.4 mm, X' = -49 mrad, Y' = -48 mrad. These results match 

closely with the typical input parameters of the einzel lens as discussed earlier. 

Details of this work are given in reference 8. 

2.3    Magnetron Ion Source Facility at Maryland 

In the summer of 1993 a magnetron ion source system along with some supporting electronics 

was received in Maryland from the SSCL. While commissioning the source at Maryland the 

components were examined individually. Several missing components were identified, and 

plans for system integration were laid out. The major tasks that we performed could be 

identified as: 

i) The control of the full system was established through a personal computer, and nec- 

essary software was developed. 

ii) The temperature controller of the cesium oven was modified to obtain good stabilization 

of cesium flow. 



iii) Mechanical components were developed to interface the ion source with a diagnostic 

box and the LEBT system. 

iv) Some basic diagnostics (namely, a current monitor and a phosphor screen) have been 

installed. 

v) A special glove box unit has been set up in our laboratory to transfer cesium in a pure 

inert gas environment. 

Figure 9 shows a few major components of the magnetron ion source. The entire system has 

been assembled. 

2.4    ESQ LEBT System 

A prototype ESQ LEBT system has been developed in-house. The lens parameters in Table 

1 were chosen on the basis of our aforementioned simulation studies in Sec. 2.2. 

While testing the earlier version of our LEBT system it was observed that a low current 

discharge had to be set up for a long time to achieve a stable voltage holding of the electrodes. 

It was noted that voltage breakdown frequently occurred between the dielectric insulating 

balls and the electrodes (Fig. 10) where some residual air might have been trapped. In 

order to avoid the gas accumulation the design of the electrodes has been modified. The 

ESQ LEBT has been supported in the vacuum vessel using a vacuum manipulator developed 

in-house. This allows to align the system in-situ. Figure 11 shows the LEBT test facility at 

Maryland. 

Table 1: ESQ LEBT parameters. 

Lens Aperture Electrode Length Spacing" 

No. radius (mm) radius (mm) (mm) (mm) 

1&6 15.0 17.2 25.0 2.0 

2&5 22.0 25.2 59.0 2.0 

3&4 22.0 25.2 47.0 2.0 

"The spacing corresponds to the gap between the lens electrode 

and its neighboring ground plate (Fig. 10). 



2.5    Theoretical Studies 

Using the method of moments and fast iterative techniques a 3D Laplace/Poisson solver 

has been developed by Chris Allen, our graduate research assistant.  This code is capable 

of running practical problems on an IBM PC. The formulation of the problem was based 

upon transforming Laplace's equation into an integral equation over a boundary surface; 

this reduced the dimensionality of the original system. The new problem was approximated 

by the method of moments to yield a matrix-vector equation. Conjugate gradient algorithm 

was used to solve the equation; this iterative method seemed to provide fast convergence. 

The code was tested with some known results, for example, to evaluate axial potential 

distributions of a conducting sphere and an einzel lens, etc.; the numerical results matched 

well with analytical expressions. Details about the computational method and analysis have 

been given in Ref.,9,   In Ref. 10 the application of the above method to the cases of an 

electrostatic quadrupole lens and an ellipsoidal bunch in a grounded pipe was discussed. 

Figure 12 shows the computer model of the four electrodes of an ESQ lens.   The single 

particle focusing effect (the kappa function «(*)) due to such lenses was determined from 

the derivatives dEJdx and dEJdy on axis. Figure 13 shows the computed data for the y- 

plane for the case in which the x-plane electrodes were held at -1 V. The grounding shunts 

used at either end of the lens (not shown in Fig. 12) caused a rapid decay of dEy/dy outside 

the lens boundary. 

Chris Allen, as part of his doctoral research, is also involved in fundamental theoretical 

studies of the equilibrium state of bunched beams and the effects of image forces. In this 

work, the so-called ug-factor", which relates the longitudinal space-charge electric field to 

the line charge density, was calculated systematically and for the first time for bunches of 

different aspect ratios a/ zm inside a conducting pipe of radius b. A detailed paper has been 

submitted for publication in Particle Accelerators,11 and the results are also discussed in the 

book by M. Reiser, "Theory and Design of Charged Particle Beams", to be published in 

Spring 1994 by Wiley & Sons. A major theme of this book is a thermodynamic description 

of beams and the conversion of free energy into emittance growth when the beams are not 

in 3-D thermal equilibrium. A paper on this topic was published in Phys. Rev. Letters.1 

10 



2.6    Related Experiments with Electron Beams 

In past work with our electron beam transport channel we had studied the transverse dy- 

namics of space-charge dominated beams. The most notable study was the multiple-beam 

experiment where the merging and thermalization of five electron beamlets was investigated. 

During the past two years we began the systematic study of longitudinal effects in space- 

charge dominated bunched beams. This work was already more successful than we ever 

expected. Thus, to single out our accomplishment, we were able to generate, for the first 

time, single fast or slow waves (which usually occur as pairs) and follow their propagation 

through the electron bunch and the behavior at the bunch ends. Several papers of our lon- 

gitudinal beam physics work have been published during 1993 including one in Phys. Rev. 

Letters.13 

11 
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Figure 5(a). Trajectory of the beam particles through the single-stage einzel lens between 
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Figure 9. Magnetron source components of the test facility at Maryland. 
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With an aim of transporting an initially diverging high-perveance (generalized beam perveance 2Ih/I0ß*y3 = 0.003), high- 
brightness (normalized brightness ~ 10" A/(m rad)2) H" beam and finally focusing it without any significant emittance dilution, a 
detailed simulation scheme has been set up incorporating the various nonlinear forces due to the beam and the external focusing 
elements, e.g., due to space charges, geometrical and chromatic aberrations. The analysis is done following a particular hierarchy to 
identify the mechanism of emittance growth; this procedure is used to optimize the lens parameters. A combination of six 
electrostatic quadrupole lenses is configured to deliver a satisfactory solution. The estimated emittance growth is a factor of about 
1.6, and this is mainly due to chromatic aberrations. A relatively small group of particles is found to be responsible for the 
emittance growth. The analysis highlights a number of important issues, e.g., sensitivity to the beam distribution, beam current, lens 
misalignments, etc. An ESQ LEBT system with some novel features in terms of compactness and mechanical rigidity is developed, 
and its essential characteristics are described. 

1. Introduction 

The study of high-brightness charged particle beam 
transport has great relevance in many modern applica- 
tions. In today's and next generation's high energy 
colliders, e.g., Tevatron, SSC, NLC, etc., one of the 
vital requirements is to achieve luminosity of colliding 
charged particle beams of order 1031 cm"2 s"1 or 
higher; this demands that beam brightness also be very 
high [1], H~ beams, with normalized brightness of 
> 1012 A/(m rad)2, are required-in space defense for 
generation of intense particle beams to probe any 
foreign objects. The importance of high intensity, 
high-brightness beams is also evident in heavy-ion fu- 
sion (HIF), free electron lasers, etc., and of late, in an 
attractive scheme for radio-active waste transmutation 
[2]. The recent trends of ion-beam related research in 
accelerators and fusion reveal that major activities have 
been initiated with H~ beams due to their merits over 
proton beams: 

(a) Given a phase-space area, the intensity of an H~ 
beam can be enhanced significantly by adapting the 

* Corresponding author. 

principle of non-Liouvillian stacking. This is particu- 
larly useful in modern accelerators. 

(b) The charge-exchange cross section at energy 
> 100 keV is much higher for H" beams; hence, H" 
beams are used for the development of high-energy 
neutral beams in magnetic fusion research and also in 
space defense. 

During its long travel through the various compo- 
nents in an accelerator, the characteristics of an ion 
beam are significantly determined by its behavior in 
the early stages, e.g., extraction optics in the ion source 
and subsequently, the low-energy beam transport 
(LEBT) section. The crux of the problem is to obtain a 
high quality beam (usually defined by the beam emit- 
tance) from an appropriate ion source with minimum 
distortions due to aberrations and nonlinear forces, 
and to preserve its quality, as much as possible, in the 
transport and acceleration chain. This article focuses 
on the LEBT section as a systematic study on this part 
is still missing, particularly in relevance to transport 
and focusing of space-charge dominated, high-bright- 
ness H~ beams. 

The LEBT section isolates the first stage of acceler- 
ation, e.g., a radio-frequency quadrupole accelerator 
(RFQ), from an ion source providing a buffer space for 
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differential pumping; also, it presents a clean, matched 
beam to an RFQ. The gas focusing scheme, usually 
supplemented by magnetic quadrupoles or solenoidal 
magnets, has been mostly used as a LEBT system 
[3-5]. The advantage of the scheme is that the experi- 
mental hardware is simple, and it is capable of han- 
dling large beam current, > 100 mA. However, this 
scheme is not well suited to beam-pulses shorter than 
the gas neutralization time, typically > 50 JJLS. Also, 
due to the complex nature of atomic and molecular 
processes involved, it is difficult to set up accurate 
computer simulation models and obtain reliable pre- 
dictions a priori. Thus our understanding of this ap- 
proach remains at a qualitative level, and there is some 
ambiguity in the definition of the control parameters in 
experiments. One of the most impressive applications 
of the gas focusing scheme has been in the context of 
the BEAR (Beam Experiment Aboard a Rocket) accel- 
erator program at Los Alamos [4]. Results on the 
sensitivity of beam parameters to variations of the gas 
pressure suggest that reproducible operation of such a 
scheme is very difficult. The other LEBT schemes 
include radio-frequency quadrupole (RFQ) lenses [6] 
and electrostatic lenses [7-12], e.g., einzel lens, electro- 
static quadrupole (ESQ) lens, and helical electrostatic 
quadrupole (HESQ) lens. Until now, the utility of 
RFQ lenses has been least explored. In the category of 
electrostatic lenses, einzel lenses are commonly used. 
The conventional einzel lenses have a drawback in that 
plasmas may build up in the field-free region, render- 
ing the system susceptible to beam-plasma instabilities. 
Anderson's "ring" lens version appears to be free from 
this problem [8]. The einzel lenses require power sup- 
plies close to the beam voltage, typically ~ 30 kV for a 
35 kV beam; the ESQ lenses have an edge over the 
einzel lenses in this respect. Several practical factors, 
e.g., tuning with low-voltage power supplies (typically 
< 10 kV), elimination of any field-free region, and ease 
of computer modeling, make the ESQ system a very 
attractive choice as a LEBT. Reiser [13] reported briefly 
a comparative study of the aforementioned LEBT 
schemes. It is understood that in spite of a good deal 
of research involving LEBT systems, a systematic study 
of beam dynamics and optimization of LEBT parame- 
ters has not been made in the context of transporting 
intense, high-brightness H~ beams. In order to obtain 
insight into the problem and advance the present state- 
of-the art of LEBT systems, detailed simulation studies 
should be first made, and the simulation predictions be 
compared with experimental results. In a recent article 
Bru enumerated a beam transport program in which all 
the forces are considered linear [14], The present arti- 
cle addresses in detail for the first time the beam 
dynamics issues relevant to designing an ESQ LEBT 
for intense, high-brightness H~ beams incorporating 
the   various   nonlinear   effects   due   to   aberrations, 

fringe-fields, etc.; a special emphasis is given here to 
understanding emittance growth and methods to con- 
trol it. Typical beam parameters of a Penning-Dudni- 
kov type ion source are considered in which the gener- 
alized beam perveance K = 0.003 and normalized beam 
brightness Bn~ 10ll A/(m rad)2. Here, K is defined 
as the ratio of 2/b//0/33-y\ where Ib is the beam 
current, I0 is the characteristic current (3.1 X 107A for 
H~ beam), ß-v/c, y = (1 -ß2)~i/2. 

Some key physics issues on emittance growth in an 
ESQ LEBT and its control are investigated in detail. 
The simulation scheme is developed in steps. A linear 
beam optics code is written to integrate the well-known 
K-V envelope equations. The lens parameters are 
approximated from this analysis. A 3D Laplace solver 
maps the equipotentials of the lens system, and the 
fringe fields are evaluated. Several articles have dealt 
with fringe fields [15-20]. Following the method of 
Matsuda and Wollnik [19], the effect of the fringe 
fields is included here in a particle simulation code, 
which essentially is a modified version of the well- 
known PARMILA code [21]. The evolution of emit- 
tance through the ESQ LEBT channel is determined 
from the modified PARMILA code. This simulation 
scheme is iterated until a satisfactory solution is ob- 
tained. The analysis is made here in the context of 
transporting an initially round (radius = 1 mm), diverg- 
ing (slope = 20 mrad at the full beam radius) 30 mA, 
35 kV H~ beam over a length of about 30 cm and 
transforming it into a round (radius ~ 1 mm), converg- 
ing (slope 40 mrad) beam. The control parameters 
of an ESQ lens can be simulated reasonably well, and 
this permits to delineate an in-depth investigation of 
the various sources of emittance dilution. This study 
thus establishes a strong foundation for designing an 
efficient LEBT system. Some comments are made on 
the development of the LEBT system and its experi- 
mental tests; details are beyond the scope of this paper 
and these issues will be reported elsewhere. 

Section 2 pertains to the beam dynamics. Some 
characteristic features of the LEBT system are given in 
Section 3. Section 4 includes conclusions. 

2. Beam dynamics through the ESQ LEBT 

2.1. Linear beam optics calculations 

The study of beam dynamics in an ESQ LEBT 
system is developed from a rather simple, idealistic 
model in order to set up the lens parameters grossly. 
Afterwards, the simulation is done including various 
practical features, e.g., real geometry of the electrodes, 
fringe fields, aberrations, etc. First, a beam optics 
code, which includes a linear external focusing force, 
here a hard-edge type, in the K-V envelope equations 
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is used; this integrates the following coupled equations 
by fourth-order Runge-Kutta method and gives the 
behavior of the beam envelope. 

X" + KX(Z)X- 

Y" + Ky(z)Y- 

2K 

X+Y 
'0, 

2K 

X+Y 
:--T-0. 

ex and ey are the x and y components of the unnor- 
malized beam emittance, respectively. The focusing 
function due to the externally applied force is K = 
Kq/(Kb/?q), where Vq is the applied voltage on the 
quadrupole, Vb is the beam extraction voltage, and /?q 

is the aperture radius of the quadrupole. The deriva- 
tives are taken with respect to z, which follows the 
direction of propagation of the beam. The amplitude 
of the beam envelope, X(z) and Y(z), is determined 
using certain values of the input beam parameters and 
an assumed configuration of the lens geometry. In the 
case of any gas accumulation in the channel, which 
may occur at the interface between an ion source and a 
LEBT, the above equations are solved with the beam 
perveance term K multiplied by (1 -y2f); f is the 
charge neutralization factor and y - (1 - ß2)~1/2. 

In order to validate the results predicted by the 
linear beam optics code, the various nonlinear contri- 
butions, namely due to aberrations, fringe fields and 
image effects, are to be minimized. The following con- 
straints control the nonlinear effects [22]. 

(i) If the maximum beam excursion is not allowed to 
exceed 10% of the length of a quadrupole /, spherical 
aberrations may be kept at low level. 

(ii) To reduce chromatic aberrations, the change in 
the beam energy due to the quadrupole focusing field 
should be less than about 5% of the total beam energy 

(iii) The image field may be neglected if- the maxi- 
mum excursion of the beam envelope remains within 
75% of the quadrupole aperture radius Äq. 

The following empirical relationship is satisfied to 
avoid any voltage breakdown [27] 

rf(cm) > 1.4 X 10_3K3/2(kV), 

Table 1 
Estimated H" beam parameters 

Beam current /b 30 mA 
Beam voltage Vb 35 kV 
u/c-ß 8.6X1CT3 

Generalized beam perveance 
K(-2/„//o0V) 3xl0-3 

Initial rms normalized emittance enn 0.069 IT mm mrad 
Initial beam radius a 1 mm 
Initial divergence of beam 

envelope at r - a 20 mrad 

Table 2 
ESQ lens parameters 

Lens Number 

1&6 2&5 3&4 

/?„ (mm) 
/ (mm) 
L (mm) 

8.00 
15.00 
6.00 

12.00 
59.00 

6.00 

12.00 
47.00 

6.00 

where d is the interelectrode spacing and V is the 
voltage difference. 

Due to limited accessibility in the neighborhood of 
the beam extraction region, it is difficult to obtain a 
reliable knowledge of beam parameters at the extrac- 
tion point; this introduces some ambiguity in the initial 
values of the beam parameters which are given as input 
to the code. Usually measurements are made at a 
distance of about 10 cm downstream from the extrac- 
tion slit and the data are interpolated using some 
simulation model to predict beam parameters at the 
extraction point. Table 1 lists the estimated values of 
the H~ beam parameters corresponding to the Pen- 
ning-Dudnikov source used in the BEAR experiment, 
when the nominal emittance data [24] measured at a 
distance of 10.6 cm downstream from the extraction 
aperture have been used. 

The desired solution is obtained after several itera- 
tions, when the lens parameters (e.g., aperture and 
dimensions of the individual lenses, spacing between 
the lenses, and number of lens elements) are adjusted 
at each step. As mentioned earlier, the beam envelope 
is constrained at each stage through the LEBT system 
so that distortions due to aberrations and image effects 
are minimized. The LEBT system has been thus con- 
figured using a set of six ESQ lenses. The geometrical 
parameters of the lenses are given in Table 2. Here / is 
the length of an electrode and L is the separation 
between adjacent lenses. Note that the geometrical 
parameters of lenses 1 and 6, 2 and 5, and 3 and 4 are 
identical; thus two mirror-image triplets are cascaded 
in the LEBT. 

Fig. 1 shows the K-V envelope solution (top figure), 
when the input beam parameters correspond to Table 
1 and a hard-edge type focusing function (bottom fig- 
ure), K(Z), is assumed. The voltages on the three sets 
of similar lenses (1 and 6, 2 and 5, and 3 and 4) are, 
respectively, 7.825, 3.875, and 3.820 kV. The envelope 
parameters of the output beam (designated by sub- 
scripts 0 at two locations are given in Table 3 to 
elucidate the nature of focusing; the downstream loca- 
tion at 2 - 287 mm corresponds to the end of the last 
lens in the LEBT. These results suggest that the ESQ 
LEBT system can deliver a converging, round beam to 
the next stage, typically an RFQ in the linear accelera- 
tor section, and the beam will be well matched if the 
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Hun^- x 

-4000 
0 10 20 30 

z (cm) 
Fig. 1. X and Y are the amplitudes of the beam envelope in x 
and y directions; z is the direction of propagation. Ky = - K,. 
Note that X (and Y)= 12 mm corresponds to the maximum 

aperture of the electrodes. 

RFQ entrance is very closely (< 1 cm) coupled to the 
last lens of the LEBT. 

An intriguing feature in the present LEBT is that 
the combination of the four lenses (number 1, 2, 5, and 
6) is used to transform the diverging input beam into a 
converging one, while the other two lenses (number 3 
and 4) act as a FODO transport section providing an 
adequate length of the LEBT. The FODO section may 
be cascaded to obtain any desired length of the LEBT. 

2.2. 3D field mapping and evaluation of fringe fields 

The exact geometry of the lens system is used, and 
the equipotentials are mapped solving the 3D Laplace 
equation. Cylindrical electrodes with some shaping of 
the end faces following Laslett [25] and Dayton et al. 
[26] are used, when the field is expected to be 
quadrupoiar within about 90% of the lens aperture. In 

Table 3 
Beam parameters at the output end of the LEBT 

z 
(mm) 

x( 
(mm) (mm) (mrad) 

Y(' 
(mrad) 

293.0 
302.0 

1.39 
1.03 

1.37 
1.00 

-53.1 
-24.0 

-53.7 
-24.3 

order to minimize interference between two adjacent 
lenses [27], a grounded plate is inserted between the 
lenses. Following the notations of Matsuda and Woll- 
nik [19], the potential distribution <j> can be expressed 
as 

<*,(*, y,z) = ^(*2-y2) 

k"{z) 

24 
(*4-y4) + ---, 

up to the fourth order, while the electrostatic field 
components are governed by 

k"(z)   , 
Ex(x, y, z) = -k{z)x + —-—xi + ■ ■ ■, 

o 

Ey(x, y, z)=k(z)y- 
k"(z) 

Ez(x, y, z)=0--y^(*2-y2)+---, 

up to the third order. The first term in the above 
expressions represent the field components of a pure 
quadrupoiar field; the fringe field, which has a nonlin- 
ear behavior, contributes due to the second derivative 
term in k for Ex and Ey and is governed by k' for Ez. 
The function k(z) is determined from the equipoten- 
tials. This result in conjunction with the values of the 
beam amplitude components giving x and y at various 
2-locations from Fig. 1 is used to evaluate a compara- 
tive estimate of the main field and the fringe field 
which the beam envelope is expected to encounter in 
our particular design. Figs. 2a, 2b, and 2c show the 
field components, respectively, in x, y, and z-direc- 
tions; Fig. 3 shows the effective magnitude of the field 
components. It is evident that the contribution of the 
correction terms due to the fringe field is very localized 
over a small region towards the edges of each lens in 
the ESQ LEBT, and the main field significantly domi- 
nates. This suggests that geometrical aberrations may 
not be serious in the present ESQ system. 

2.3. Beam dynamics calculations and analysis of sources 
of emittance growth 

The results from the above two steps of analysis are 
used in a particle simulation code, PARMILA, to study 
the beam dynamics in further details. This code essen- 
tially pushes particles using a chain of transfer matri- 
ces, where the matrix elements are characterised by 
the factors governing the motion of the beam, e.g., 
space charge, drift space, lens elements, etc. This code 
adapts the following key points. 

(a) The space-charge force is calculated assuming 
the beam as an ensemble of typically 5000 ring-like 
macroparticles. The macroparticles follow certain dis- 
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Fig. 2. 3D LAPLACE results of the field components: (a) Ex, 
(b) Ey, and (c) £.. Solid line: pure quadrupole field; dashed 
line: fringe field. The field components are calculated using 
the x and y values of the beam amplitude components at 

various z as used in Fig. 1. 

tributions in both configuration and phase spaces, e.g., 
K-V, waterbag, semi-Gaussian, Gaussian, etc. 

(b) The electrostatic field due to the lens is decom- 
posed into two parts: a main field of hard-edge type 

750 

E 

LU 

500 

250 

10 20 30 

z(cm) 

Fig. 3. Effective magnitude of the fields. Solid line: quadrupole 
field; dashed line: fringe field. 

within the lens region, and fringe fields outside this 
ideal boundary. In order to get a realistic evaluation of 
the hard-edge boundary which can effectively repre- 
sent the quadrupolar field component of a lens, an 
equivalent length is defined as 

1   rz, 
Uft=—J   K(z)dz, 

K0   z 

where KQ is the peak value of K in the flat-top region 
as shown in Fig. 2, 2, and z2 correspond to the 
zero-crossing locations of K(Z) on the immediate two 
opposite ends of a lens. A set of integrals involving 
k(z), as prescribed by Matsuda and Wollnik [19], is 
used to model the force due to the fringe field. This 
force is applied at the ideal hard-edge boundary, and 
the shifts and bends of the particle motion due to 
fringe fields are incorporated in the P ARMILA code 
[22]. 

(c) The trajectory of the macroparticles is followed 
systematically with due considerations of field distribu- 
tions over a cross-section of the beam. The energy 
conservation law is followed to tackle this problem 

jmul + eV0 = {mv{ r )2 + eV( r ). 

where v0 and v(r) denote, respectively, the velocity of 
particles on the axis (this is equal to (2eVb/m)v/2) and 
at an arbitrary location r, and V0 and V(r) correspond 
to the electrostatic potential due to the lens at the 
respective locations. 

Fig. 4 shows the behavior of the particle distribution 
at the output of the ESQ LEBT when a K-V type 
distribution of the input beam particles is assumed. 
The distortions in the output beam are due to nonlin- 
ear effects, and this leads to some emittance growth. In 
this particular example, the emittance growth is a fac- 
tor of about 1.6. The ellipses composed from the Twiss 
parameters for the output beam show a very similar 
nature in the two orthogonal planes; these ellipses are 
drawn using the effective emittance e = 4e due to 
Lapostolle [29]. The corresponding characteristic beam 
parameters are: XmM = 1.6 mm, Ym3X = 1.3 mm, 
tfj'= -41.7 mrad, and (Ymax)'= -39.2 mrad; a 
better matching of the parameters in the two orthogo- 
nal planes may be fortuitous. Various other types of 
distributions, e.g., waterbag, semi-Gaussian, Gaussian, 
have been also considered. The particle distribution of 
the output beam in its configuration space is shown in 
Fig. 5 for the various distributions. A small group of 
particles (< 5%) is detached from the dense core group 
in the case of semi-Gaussian and Gausian distribu- 
tions; these particles are essentially lost from the sys- 
tem as their location corresponds to the boundary of 
the electrodes. The rapid blow-up of the beam for a 
non-KV distribution (semi-Gaussian or Gaussian) may 
be an artifact of excess energy in tail particles of the 



434 S.K. Guharay et al. /Nucl. Instr. and Meth. in Phys. Res. A 339 (1994) 429-438 

8|  

Fig. 4. Particle distribution in the output beam (right column) 
of the ESQ LEBT for a K-V type input beam (left column). 
Note that X (and Y) = 8 mm corresponds to the aperture of 

the first and last lenses. 

distribution function. For the sake of comparison of 
the beam behavior in the two extreme cases, the output 
beams are shown in Fig. 6 for K-V and Gaussian (with 
the tail cut off at 4a) distributions of the input beam. 
The phase-space area occupied by the core group of 
particles seems to be similar in the two cases. The 
emittance of the output beam will practically follow the 
dynamics of a K-V type input beam if distribution is 
tailored to a low-temperature beam. As a K-V type 
distribution is commonly used in the literature for 
basic analysis of beam dynamics and also, it seems to 
represent well the beam distribution particularly in the 
case of a space-charge dominated, high-brightness 
beam [28], we have extended our analysis assuming a 
K-V type distribution of the input beam. 

The evolution of emittance growth, as the beam 
propagates through the ESQ LEBT, is shown in Fig. 7. 
It is noted that the emittance is primarily enhanced at 
the second lens in the x-plane and at the fifth lens in 
the y-plane. This result conforms to the previous find- 
ings from the linear beam optics code when large beam 

6   0 

T" 

K-V 

(a) 

§ o 

WB 

(b) 

SemiG 

(c) 

S 
B    0 

-8 

(d) 

-8 0 
X(mm) 

Fig. 5. Configuration-space geometry of the output beam for 
various input distributions: (a) K-V, (b) waterbag, (c) semi- 

Gaussian, and (d) Gaussian. 
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Y(mm) 

Fig. 6. Comparison of phase-space distribution of the particles 
in the output beam for K-V (left column) and Gaussian (right 

column) input distributions. 

0.15 

"0 10 20 30 
z(cm) 

Fig. 7. Spatial evolution of rms emittance through the ESQ 
LEBT. The emittance values are plotted at the end of each 
lens in the LEBT. Solid circle: x-plane emittance; open circle: 

y-plane emittance. 

Fig. 8. Phase-space distribution of particles in the output 
beam when 4% of the beam is intercepted by two beam 

scrapers. 

excursions (Fig. 1) have been noted at the aforemen- 
tioned two lens elements; nonlinear effects act strongly 
when the amplitude of the beam envelope is large. In 
our simulation studies it is possible to diagnose the 
principal contributors to emittance growth and reject 
some of the unwanted group of particles by using 
appropriately shaped ground plates between the lenses 
as beam scrapers, and thus the emittance growth may 
be controlled. Fig. 8 shows an emittance growth by a 
factor of about 1.5 only when two beam scrapers are 
introduced: one in front of the second lens and the 
other in front of the fifth lens; about 4% of the beam 
particles is rejected here. This seems to be an easy way 
to control emittance of the output beam. 

In an effort to further understand the effect of 
nonlinear forces, the architecture of the simulation 
code is made appropriately to evaluate the contribu- 
tion of various factors piecewise, i.e., term by term. 
First, the transverse energy of all the beam particles is 
numerically maintained at a constant value through the 
entire LEBT. Fig. 9 shows the output beam distribu- 
tion. It is evident that the output beam is free from any 
major distortions. The emittance growth is estimated to 
be reduced by more than 90%. This suggests that the 
chromatic aberration is the principal contributor to 
emittance growth in the present case. Turning the 
fringe-field terms off in the simulation, it is noted that 
the emittance growth is reduced very insignificantly. 
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This indicates that geometrical aberrations do not play 
a major role here. 

The sensitivity of output beam parameters with 
variation of beam voltage, beam current, injection er- 
ror has been studied. Using the linear beam optics 
code it is noted that the beam parameters do not 
change noticeably for a ±1% change of quad voltage 
(from the ideal setpoint) on all the lenses simultane- 
ously. Similar insensitivity is noted for variation of 
beam current (ideal = 30 mA) within a few mil- 
liamperes. The effect of an injection error is studied 
using PARMILA. With the variation of the amount of 
off-centering of the input beam, the qualitative nature 
of the phase-space distribution of the output beam 
remains almost invariant, while the beam centroid shifts 
coherently. A transiational off-centering by 1 mil (- 
0.0254 mm) at the input causes an off-centering of the 
beam by about 3 mil at the output of the LEBT; this 

ELECTRODE 
GROUND PLATE 

CERAMIC BALL 

Fig. 10. Schematic layout of the ESQ LEBT. 

Fig. 9. Particle distribution in the output beam when all the 
particles are assumed to be transported with the same energy 

(35 kV). 

also introduces an angular error of the beam centroid 
by about 1.5 mrad. An on-centered input beam with an 
error in the injection angle by 1 mrad shows an off- 
centering of the output beam by about 2 mil; the error 
in the angle does not change appreciably through the 
LEBT channel. 

3. Development of the ESQ LEBT apparatus 

The aforementioned guidelines are used to develop 
an ESQ LEBT system. Fig. 10 shows a schematic of the 
LEBT system developed in-house at Maryland. The 
principal elements of the ESQ LEBT are: (i) six 
quadrupole lenses, (ii) ground plates between the 
lenses, and (iii) precision ceramic insulating balls. The 
four electrodes of each lens are machined out of a 
single piece of finished cylindrical aluminium rod. The 
dimensional accuracy of each electrode is measured to 
be within ±0.2 mil (average) of the designed value. 
The aluminium ground plates are 2 mm thick. Ceramic 
balls are used to develop an adjustment-free, self- 
aligned lens assembly. Two sets of precision balls with 
tolerance in sphericity within ±0.025 mil are used. 
Larger balls of 3/8 in. diameter are used between two 
opposing electrodes of adjacent lenses; smaller balls of 
1/8 in. diameter are placed between the electrodes of 
a quadrupole and its neighboring ground plate. The 
ceramic balls are hidden in the shadow of the elec- 
trodes in order that they remain mostly obscured to the 
field of the propagating beam. The entire lens assem- 
bly is mounted in a cylindrical housing, which is in- 
stalled in a large vacuum vessel. 

Voltage hold-off tests have been conducted on the 
lens assembly. With gradual conditioning of the surface 
of the electrodes by allowing some low-level corona 
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discharges, the lens system could finally be driven at 
high voltage (up to about ± 14 kV) without any notice- 
able breakdown. This insures practicability of the pre- 
sent ESQ lens design. 

4. Conclusions 

This article addresses the problems of designing an 
efficient low-energy beam transport system, particu- 
larly in relevance to space-charge dominated, high- 
brightness H~ beams. Although several researchers 
used ESQ LEBT systems in the past and showed some 
interesting results, the input beam parameters were 
not as severe as considered in the present case in terms 
of space-charge forces, beam divergence, etc.; further 
systematic study of beam dynamics has thus been miss- 
ing. An emphasis is given here on simulation studies to 
examine some beam physics issues critically. This ap- 
proach lays a foundation to develop an efficient LEBT 
system; especially, the role of the various nonlinear 
forces on emittance dilution is studied in depth. 

The lens assembly is designed following several iter- 
ations of the numerical scheme so that the lens geome- 
try is optimized as much as possible. Typical beam 
characteristics of a high-brightness H" source, Pen- 
ning-Dudnikov type (as used in the BEAR experiment 
[4]), are used in the analysis with an aim of transport- 
ing a space-charge dominated, diverging beam from 
the source over a length of about 30 cm, and yield a 
converging beam at the end without significantly dete- 
riorating the intrinsic emittance of the beam. The 
beam dynamics is studied in detail using a particle 
simulation code, which enables us to study the influ- 
ence of various factors in determining the emittance 
growth, e.g., nonlinear effects due to chromatic aberra- 
tions and fringe fields, various types of distributions of 
the beam, sensitivity of various control parameters, etc. 

The main contributor to emittance growth in the 
ESQ LEBT is found to be chromatic aberrations. It is 
shown in the simulations that particles responsible for 
enhancing the emittance growth can be identified and 
subsequently, they are rejected by carefully using two 
intermediate ground plates as beam scrapers. Thus the 
emittance growth can be controlled without sacrificing 
the beam current appreciably. In the case of the H" 
beam from the Penning-Dudnikov type source the 
nominal emittance growth through the ESQ LEBT 
system is estimated to be a factor of about 1.6, while 
this factor is reduced to about 1.S by rejecting only 4% 
of the beam particles. Such a modest value of emit- 
tance growth attributes merit to the particular design 
of the ESQ LEBT. 

The ESQ LEBT system developed in-house at 
Maryland has some uniqueness in its mechanical as- 
sembly. The entire system is self-aligned and it is very 

rugged mechanically. Each component is fabricated 
with a dimensional tolerance close to the designed 
value. Results on voltage hold-off tests of such a com- 
pact system are encouraging; no noticeable breakdown 
events occur up to a voltage level of about ± 14 kV. 

Beam transport experiments are planned using the 
ESQ LEBT. Details of the experimental work and 
further studies on beam dynamics will be reported 
elsewhere. 
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An electrostatic LEBT for a low-emittance injector: transport and focusing of a high-brightness H" 

beam from a magnetron ion source 
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Abstract 

In the context of developing an efficient low-energy beam transport (LEBT) system for a 

low-emittance injector the problem of transport and matching of a 30 mA, 35 kV HT beam from 

a magnetron-type ion source is studied; the analysis is done incorporating important experimental 

constraints. A 30 cm-long LEBT, consisting of six electrostatic quadrupole lenses and a short 

einzel lens, is designed. Its control parameters are optimized to achieve a solution which matches 

with the acceptance of a small-aperture radio-frequency quadrupole (RFQ) accelerator. The 

results of beam dynamics calculations are discussed, and the key issues for emittance growth 

and its control are acknowledged. 
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I. Introduction 

in hlgh-energy physics a major thrust of work is eurrahtly laid on the development of a 

hloh-lumlnosfty ,.,0»« onfVI, ooflider. ,n this oontext, the Fermi Nationa, Laboratory (FNAL, 

recently organized a workshop to examine the present state-oMhe-ar, in accelerator research 

and ,o identify the bottlenecks. Analyzing the eminence budget through the accelerator chain of 

a conceptual high-luminosity collider I, has been recognized [i] tha, one of the major problems 

•    remains in relation to transport and matching in the section comprising the ion source, the LEBT, 

and the RFQ accelerator;  a good handshake among these three components of the injector 

needs to be established. Experimental results with H" beams [2, 3,' reveal «ha, a significant par, 

of the beam from an ion source is los, in ,he low-energy section of an accelerator primarily due 

,o mismatch and large eminence grow,h.   This ceils for a sfrong research and development 

progrem to design and build an improved injector which can satisfy the stringent requirements of 

e high-iuminosity collider, in this context, ,he design considerations of the Superconducting Super 

Collider (SSC, [4, may be referred. The beem current in «he collider was taken as 25 mA during 

e maoropulse. ,n order to achieve this goal, a 30 mA, 35 kV H" beam with rms normalized 

eminence typically in ,he range of ebou« 0,2 - 0,8   , mm mrad was considered from an ion 

source. The acceptance ellipse of «he SSC RFQ restricted the input rms normalized eminence 

(transverse) te 0.2 , mm mred. These parameters, along wi,h «he prectical constraints due to 

mechanical struo«uree in «he Interfacing regions, often pose a challenge «o design an efficien, 

LEBT system. In «ransporting a 30 mA. 35 kV H" beam from a volume source «he experimen«al 

resulte wi,h «wo einze, lenses a, ,he SSC Laboratory [5, showed a large eminence grown, - a 

factor o« about 2.5 in the vertical piene and about 5.0 In the horizontal plane; the trensmission 

through the RFQ was abou, 65%. In this context, we reported the beem dynamics calculations 
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for an alternative hybrid LEBT system consisting of six electrostatic quadrupole (ESQ) lenses in 

a compact configuration and one short einzel lens; a matched beam'solution for the full beam 

current of 30 mA was obtained and the emittance growth was estimated to be a factor of 1.6 only 

[6]. The different LEBT schemes for the SSC Laboratory were reported in a recent article [7]. 

In the present article, we have studied the problem of transport and focusing of a 30 mA, 

35 kV H- beam from a magnetron-type ion source which is commonly used in many laboratories 

[2,8].   Here, the generalized beam perveance is K = 2l/(l0ß3
Y

3) = 0.003, and the normalized 

beam brightness is Bn = 2I/(«V> ~ ^2 A/(m rad)2; I is the beam current, lQ is the 

characteristic current for H" beams - 31 MA, p and T are the usual relativistic notations, and en 

represents four times rms normalized emittance. It may be noted that the characteristics of the 

•H- beam from a magnetron source are quite different from the volume source case which we had 

studied earlier [6]. In the magnetron case, the beam from the source is usually much smaller 

(radius -1.0-1.25 mm) than in the volume source case (radius -4-6 mm), and the beam divergence 

is large (typically,   the slope of the envelope -50-70 mrad). Hence, it is difficult in the present 

circumstances to achieve a satisfactory solution for the beam optics, especially while matching 

the beam to a small aperture RFQ (SSCL-type). The crux of the present problem is to study the 

beam dynamics with the goal to achieve an optimal solution for the LEBT parameters and to 

evaluate the criticality of various controlling factors from a practical viewpoint. Nonlinear effects 

due to space-charges, fringe fields, and chromatic aberrations are included in our study of the 

beam dynamics. 

In Section 2 we have described the context of the experiment, beam dynamics calculations 

and the characteristics of the LEBT system. Discussions and conclusions are given in Section 3. 



2. LEBT for matching H* beams from a magnetron source Into an RFQ 

2.1. Experimental constraints 

The input parameters of a LEBT are defined by the characteristics of the beam from the 

source, and its output beam parameters are governed by the acceptance ellipse of the RFQ. 

Ideally, the LEBT should be coupled as close as possible to the extraction point of the ion source, 

and simultaneously, it should be interfaced with the RFQ with a minimum drift space. In this 

context the two important practical constraints are imposed by: (a) the length (D) of the extraction 

cone (Fig.1), and (b) the drift space between the LEBT and the RFQ match point. 

In the context of experiments with short, pulsed beams (pulse width of - 50 us typically) 

we have chosen mainly ESQ lenses to develop the LEBT system. The merits of the ESQ lenses 

have been discussed elsewhere [9,10]. As a starting point of our design studies, the characteristic 

parameters of a 30 mA, 35 kV beam at the tip of the extraction cone are taken as: beam radius 

= 1.25 mm, slope of the beam envelope = 50 mrad, rms normalized emittance it e = 0.12 it mm 

mrad. These values reasonably conform to the emittance measurements at the SSC Laboratory 

[11]. Furthermore, following the SSCL design the beam parameters at the RFQ match point are 

taken as: beam radius = 1.3 mm, slope of the beam envelope = -89 mrad, rms normalized 

emittance u6n = 0.2 « mm mrad; the match point was considered at a distance of about 3 cm 

downstream from the front of the RFQ structure. 

2.2. Beam dynamics calculations 

The simulation architecture follows a hierarchy of beam dynamics calculations. First, a 

linear beam optics code, which solves the Kapchinskij-Vladimirskij (K-V) envelope equations . 

assuming a hard-edge model of the external focusing force, is used to determine the basic 
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geometry of the lenses. This interactive code is run several times to optimize the lens parameters, 

namely, lens aperture, electrode dimensions (length and radius), location, and voltage. Second, 

the electrostatic field distributions are calculated by a 3D Laplace solver on the Connection 

Machine. The end faces of the cylindrical electrodes are shaped following Laslett [12] and Dayton 

et al. [13] to minimize the fringe fields, and a ground plate is inserted between the two 

neighboring lenses to reduce their mutual interference [14]. The details of the electrode boundary 

are included in our 3D field calculations. Finally, the results from the previous two steps are used 

in a 2V6D particle simulation code, modified PARMILA [15], to determine the phase-space 

distribution of the beam particles and to estimate the beam emittance through the LEBT.  The 

details of the computational scheme have been described elsewhere [9]. 

We note from our simulation studies that the combination of six ESQ lenses in Fig.2 has 

an attractive feature: the phase transformation is controlled essentially by the lenses 1,2,5, and 

6, while the intermediate two lenses (3 and 4) provide an additional length for transport. This 

argument will be evident as we will go through the analysis in the subsequent sections; the 

importance of the einzel lens will also be revealed later. 

2.2.1 Considerations for designing an efficient focusing optics 

This section highlights on the critical role of the drift space, when the limitations posed by 

of the practical components, mainly due to the extraction cone, are anaiyzed. This study leads 

us to develop a strategy for satisfying the extreme matching criteria in the present problem. 

Using the source beam parameters as discussed in Sec. 2.1, the beam envelope through 

the ESQ LEBT, which is described in Table 1, is obtained from the linear beam optics code as 

in Fig. 3(a). Here, the length of the extraction cone is taken as D = 5.0 cm, and an additional drift 



space of 6 mm is kept for mechanical coupling between the extraction cone and the first lens of 

the LEBT. Fig. 3(b) shows the hard-edge focusing function used in the envelope calculations, 

and the focusing function calculated from the 3D Laplace solver is shown in Fig. 3(c). The 

focusing function in Fig. 3(b) is kappa = Vq / (Vb Rq
2), where Vq is the voltage applied on the 

electrodes of a quadrupole lens, Vb is the beam voltage, and R is the aperture of the 

quadrupole lens. The qualitative nature of the focusing functions in Figs. 3(b) and (c) appears 

similar. The fringe fields are evaluated from the field distributions in Fig. 3(c), and these are 

incorporated in our particle simulation code following the prescriptions of Matsuda and Wollnik 

[16]. Assuming the input particle distribution to be K-V type as in Fig. 4(a), the phase-space 

distribution of particles at a distance of 2.2 cm from the last ESQ lens is obtained as in Fig. 4(b) 

and (c). This result shows an emittance growth by about a factor of 5, and the output beam does 

not satisfy the RFQ's matching condition. The enhanced emittance growth is due to the large 

beam excursions (more than 80% of the quadrupole aperture) and the resulting nonlinear 

contributions. 

The above analysis is repeated for a shorter extraction cone with D= 2.5 cm. The 

envelope solution in this case is shown in Fig. 5. The phase-space distribution of the particles at 

a distance of 3.2 cm from the last ESQ lens is shown in Fig. 6. Here the beam size is - 2.6 mm, 

the beam convergence is - -39 mrad, and the rms normalized emittance is « e = 0.36 «mm 

mrad; the emittance growth is a factor of about 3. The beam quality is comparatively better in this 

case, and the output beam remains convergent farther downstream from the last lens. This 

points to the sensitivity of the beam optics to the length of the extraction cone. 
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2.2.2 LEBT for matching with the RFQ 

The results in the previous section suggest that the characteristics of the output beam 

from the ESQ LEBT do not satisfy the required matching condition for the RFQ. The underlying 

complexity of the present problem is analyzed below, and an effort is made to obtain a 

satisfactory solution. 

When a divergent beam from a source, with the beam size = X, and the angle of 

divergence = x,\ is transformed into the same size but a convergent beam with angle of 

convergence = -Xf', the power of the lens P can be obtained, in the thin lens approximation, from 

the beam transformation matrix as 

P - (Xf' - X,') / X,. 

Thus, to achieve further focusing of the beam in Sec. 2.2.1 and to satisfy the RFQ matching 

condition, the power (P) of the ESQ lenses should be increased. This will cause further emittance 

dilution. The complexity of the present matching problem can be reduced by cascading a short 

einzel lens section to the ESQ LEBT as shown in Fig. 2. In this situation, a much less stringent 

requirement is imposed on the ESQ LEBT section. The output beam from the ESQ LEBT should 

be now matched appropriately to the input of the einzel lens which provides the final focusing. 

A similar approach was adapted earlier while dealing with H" beams from a volume source [6]. 

It was found that for the einzel lens geometry given in Table 2, the output from the ESQ LEBT 

was required to satisfy the following conditions: beam radius of ~ 7.5 mm, and slope of ~ -50 mrad. 

We will follow this scheme and determine the ESQ lens voltages in the context of the current 

problem. 

In order to achieve the aforementioned output beam parameters at a distance of - 1 cm 

from the last lens of the ESQ LEBT so that this beam can be appropriately coupled to the einzel 



8- 

lens section, the corresponding beam envelopes through the ESQ LEBT are obtained as in Fig. 

7(a); here, the hard-edge focusing function is shown in Fig. 7(b). The length of the extraction cone 

is taken as D - 2.5 cm. The phase-space particle distribution of the output beam is shown in Fig. 

8(a) and (b) corresponding to the x- and y-planes, respectively. The output beam parameters are 

obtained as: effective beam radius = 7.8 mm, slope = -us mrad, and rms normalized emittance 

« 6n = 0.29 « mm mrad. The evolution of the beam emittance (solid rectangles) through the ESQ 

lenses are shown in Fig. 9; correspondingly, the ratio of the quad voltage at the beam edge to 

the on-axis beam voltage (35 kV) is plotted (open rectangles). This voltage ratio is a measure of 

the chromatic aberrations. A pair of data points (solid and open rectangles) for a particular z- 

location corresponds to the results at the end of a lens, and these data are plotted in sequence 

with lens number 1 as the first set of points. It is important to note that the lenses  2, 3 and 4 

contribute to the emittance growth; in all of these cases, the quad-voltage at the beam edge is 

more than 5% of the on-axis beam voltage. This suggests that the emittance growth is primarily 

due to the chromatic aberrations. We have evaluated that a relatively small group of particles 

mainly causes the emittance growth. More than 85% of the beam particles occupy a phase-space 

area which contributes to an emittance growth by a factor of about 1.6 only; the rms normalized 

emittance is estimated to be about , Z„ . 0.2 , mm mrad. Fig. 10(a) and (b) show the phase- 

space distribution of this desired group of beam particles. The distortions appear to very modest 

here. We have repeated the analysis assuming a semi-Gaussian distribution of the input beam 

particles; the results are similar. 

Next, the beam from the ESQ LEBT is transported through the einzel lens. The input beam 

parameters for the einzel lens are obtained from the characteristics of the effective ellipse 

describing the output beam (Fig.8) from the ESQ LEBT. These data are used in SNOW-2D code 



[17J. Fig. 11 shows the trajectory of the beam through the einzel lens. No additional emittance 

growth of the beam is noted in the einzel lens section, and the beam is matched to the RFQ. 

3. Discussions and conclusions 

The present work sheds light on developing a iow-emittance injector for future high- 

luminosity colliders. In this regard, the transport and matching problems in the ion source-LEBT- 

RFQ section have been studied. This problem involving a high-brightness, high-perveance H" 

beam (generalized beam perveance K = 0.003) turns out especially complex when the practical 

constraints are included in the beam dynamics calculations. After a good deal of simulation run 

we have optimized the LEBT parameters. We found that about a 30 cm-long electrostatic LEBT 

system, composed of a combination of six ESQ lenses in a compact configuration and a short 

einzel lens, offers a very satisfactory solution. This system is designed for matching a highly 

divergent 30 mA, 35 kV H" beam from a magnetron-type ion source into a small aperture RFQ 

(SSCL-type). The full beam shows an emittance growth by a factor of about 2.5 in the entire 

LEBT; about more than 85% of the beam carrying a current of about 26 mA has the final rms 

normalized emittance of about 0.2 * mm mrad, and its beam characteristics match with the Twiss 

parameters of the RFQ at the match point. The emittance growth of the beam is primarily due to 

chromatic aberrations. It is learned that the drift-space in a transport line should be avoided as 

far as possible, especially in the case of handling a space-charge dominated beam. We have 

shown that in the context of our particular experiment, the length of the extraction cone in the 

magnetron source should be kept short - with in 2.5 cm. Also, the 3.0 cm-long drift space in 

front of the RFQ match point introduces a strong constraint; a shorter distance is desired. 
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Some notable features of the present LEBT system are: 

(i) An adequate buffer space between an ion source and an RFQ can be provided for differential 

pumping, and hence, for a clean operation of the RFQ. 

(ii) An optimized combination of the first-order (ESQ lenses) and the second-order (einzel lens) 

focusing elements allows to satisfy extreme matching requirements without any significant 

emittance dilution. 

(Hi) Tuning can be done by adjusting low-voltage power supplies of the ESQ lenses. 

(iv) Beam steering can be done by coupling a dipole field to the ESQ lenses. 

(v) As the same LEBT system was found to yield a very satisfactory solution for H' beams from 

a volume source [6], the current design owns the merit of accommodating a good range of input 

conditions. A similar approach using a combination of ESQ lenses and a "ring" lens was found 

effective in experiments with a rather low-perveance beam [18]. 

The ESQ LEBT system has been developed, and we plan to.start experiments on our test 

stand with a magnetron-type ion source. 
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TABLE 1. ESQ lens parameters. 

Lens Aperture Electrode Length Spacing 

No. radius (mm) radius (mm) (mm) (mm) 

1 &6 15.0 17.2 25.0 2.0 

2&5 22.0 25.2 59.0 2.0 

3&4 22.0 25.2 47.0 2.0 

The electrode radius is 1.1468 times the aperture radius to minimize nonlinear fields [13]. The 

spacing indicates the gap between an ESQ lens and its neighboring ground plate. 

TABLE 2. Einzel lens parameters 

Aperture radius of 

the center electrode 

(mm) 

17.0 

Thickness of the center 

electrode 

(mm) 

10.0 

Spacing 

(mm) 

7.0 

The spacing indicates the gap between the center electrode (at high voltage) and its neighboring 

ground electrodes. 



Figure Captions 

Fig.1 Schematic diagram of a magnetron ion source. 

Fig.2 Schematic diagram of the LEBT system. 

Fig.3 (a) Amplitude of the beam envelope, (b) hard-edge focusing function, Kappa (The slope of 

the vertical connecting lines is a plotting artifact.), and (c) focusing function from the 3D Laplace 

solver. The solid and dashed lines correspond to the results in the x- and y-planes, respectively. 

These results correspond to the length of the extractor cone D = 5.0 cm. Note that the maximum 

beam excursion is close to the aperture (22 mm) of the lenses 2, 3 and 4. 

Fig.4 Distribution of particles in phase space, (a) The input beam at the tip of the extraction cone. 

The output beam at 2.2 cm downstream from the last ESQ lens: (b) distribution in the x-plane, 

(c) distribution in the y-plane. Here, D = 5.0 cm. 

Fig.5 Amplitude of the beam envelope. Here, D = 2.5 cm. 

Fig.6 Phase-space distribution of the output beam at 3.2 cm downstream from the last ESQ lens: 

(a) in the x-plane, (b) in the y-plane. Here, D = 2.5 cm. The input beam corresponds to Fig. 4(a). 

Fig.7 Envelope solution for matching the ESQ output to the input of the einzel lens, (a) Amplitude 

of the beam envelope, and (b) hard-edge focusing function, Kappa. Solid line: x-plane; dashed 

line: y-plane. 



Fig.8 Phase-space distribution of the output beam at 1.0 cm downstream from the last ESQ lens: 

(a) in the x-piane, (b) in the y-plane. Here, D = 2.5 cm. The input beam corresponds to Fig. 4(a). 

Fig.9 Evolution of rms normalized emittance through the ESQ LEBT (solid rectangles). Ratio of 

the quad voltage (V-quad) at the beam edge to the on-axis beam voltage (open rectangles). 

Fig.10 The output beam at 1.0 cm downstream from the last ESQ lens when about 14% beam 

particles are excluded. All other conditions are same as in Fig. 9. Phase-space distribution (a) 

in the x-plane, (b) in the y-plane. 

Fig.11 Particle trajectories through the einzel lens. 
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Efficient low-energy beam transport for intense, high-brightness H" 
beams in high energy accelerators: Perspectives and a solution 
using ESQ lensesa) 

S. K. Guharay, C. K. Allen, and M. Reiser 
University of Maryland, College Park, Maryland 20742 

K. Saadatmand and C. R. Chang 
Superconducting Super Collider Laboratory, Dallas, Texas 75712 

(Received 4 September 1993; accepted for publication 4 October 1993) 

The characteristics of a 30 mA, 35 kV H~ beam from a volume source have been determined using 
emittance measurements. A low energy-beam transport (LEBT) system consisting of six 
electrostatic quadrupole lenses and a short (about 5 cm long) single-stage einzel lens is designed 
with the aim of transporting the beam over a distance of about 30 cm and focusing a clean, matched 
beam into a radio-frequency quadrupole accelerator of the Superconducting Super Collider. The 
system parameters are chosen on the basis of simulation of beam dynamics. The emittance growth 
in the LEBT section is within a factor of about 1.5 and this satisfies the requirement of the emittance 
budget. The LEBT system is designed to be mechanically rugged. 

f 

I. INTRODUCTION 

The study of intense, high-brightness H~ beam transport 
has relevance to many modern applications, e.g., high-energy 
accelerators, space defense using intense neutral particle 
beams, ion-beam based microfabrication, etc. In this article, 
the system parameters and the study of the beam dynamics 
are focused on a specific example, namely, the Supercon- 
ducting Super Collider (SSC). One of the important issues in 
the SSC accelerator chain is that the emittance budget is 
restricted; this imposes a major constraint on the ion source 
and the low-energy beam transport (LEBT) in the linac sec- 
tion. Usually the beam from the ion sources is highly diverg- 
ing, and the LEBT has to transform this beam into a conver- 
gent one matching it into the very tight acceptance ellipse of 
the first stage of the linac, namely, a radio-frequency quad- 
rupole (RFQ) accelerator. Typically, the rms normalized 
emittance of a 30 mA, 35 kV H~ beam is in the range of 
0.12-0.18 7rmmmrad, while the SSC RFQ requires the 
beam emittance at its input to be S0.2 ir mm mrad. These 
parameters along with experimental constraints due to the 
various mechanical structures often introduce some com- 
plexity in designing an efficient LEBT system. In order to 
achieve a satisfactory solution of this problem, the state of 
the art of the LEBT systems needs to be improved by means 
of careful simulation techniques and experimental valida- 
tions of the simulation predictions. 

Earlier we described the beam characteristics and beam 
dynamics through a LEBT for H" beams from a Penning- 
Dudnikov and a magnetron type source.1 In recent years sig- 
nificant progress has been made in the performance of vol- 
ume sources;2 normalized beam brightness approaches about 
1011 A/(m rad)2. This article reports the results of our study 
on the H~ beam from the SSCL volume source. The experi- 
mental data corresponding to a 30 mA, 35 kV H~ beam are 

'^e abstract for this paper appears in the Proceedings of the 5th Interna- 
tional Conference on Ion Sources in Part II, Rev. Sei. Instrum. 65, 1427 
(1994). 

used to design a LEBT and deliver a matched beam into the 
SSC RFQ. The analysis of the beam dynamics through the 
LEBT is based on simulations wherein many important prac- 
tical considerations are included. The LEBT system consists 
of six ESQ lenses and a short module of a single einzel lens. 
This design offers some flexibility to efficiently handle the 
input beam parameters and match the beam into the RFQ 
without any significant emittance dilution. The entire LEBT 
system is very compact and mechanically rugged. 

Section II deals with the beam characterization, simula- 
tion of the beam through the LEBT, and the essential char- 
acteristics of the apparatus. Discussions and conclusions are 
included in Sec. HI. 

II. BEAM DYNAMICS AND THE LEBT APPARATUS 

A. H" beam from the SSCL volume source 

A 30 mA, 35 kV H~ beam has been extracted from the 
SSCL volume source through an aperture of radius 4 mm in 
the test stand facility of the SSCL linac injector. The H- 

beam is measured at 10.13 cm downstream using an emit- 
tance diagnostic device; the electrons are deflected away 
from the extracted beam current by a 10-cm-long magnetic 
trap (initial electron-to-ion current ratio at the extractor 
~40). The contour plots showing the phase-space distribu- 
tion of the beam are given in Fig. 1. A relative flattening of 
the distribution in the upper half is possibly caused by the 
space-charge force due to the electrons deflected upward. 
The beam parameters at z= 10.13 cm are: beam size 
D = 2.38 cm, full divergence A0=260 mrad; normalized rms 
emittance 7ri„=0.1537 irmra mrad. (Note that the beam di- 
vergence in this article is always quoted at the maximum 
envelope excursion unless otherwise specified.) These data 
are used in an envelope simulation code that solves the well- 
known Kapchinskij-Vladimirskij (KV) envelope equations, 
and the beam characteristics at the extraction electrode are 
estimated. The space-charge effect due to the electron swarm 
in the initial 10-cm-long magnetic trap is modeled assuming 
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FIG. 1. Contour plot of the beam distribution at z= 10.13 cm. 

an exponential fall-off of the electron population down- 
stream from the extraction electrode. This analysis suggests 
that a beamwaist is formed near the extraction electrode 
when the beam size is close to the aperture of the extractor; 
the beam blows up downstream afterwards. 

B. Beam dynamics and the design of a LEBT 

The design of the LEBT is mainly dictated by the beam 
parameters at two locations: first, at the end of the electron 
suppression system and second, at the tip of the RFQ vane; 
the LEBT is located between these two components. After 
detailed simulation studies it is concluded that the drift space 
at either of the above two ends of the LEBT should be main- 
tained as short as possible to ensure a proper matching with 
the RFQ. In recent experiments on the SSC test stand a 
5-cm-long electron suppressor is used.3 Assuming the mode 
of operation of the ion source to be the same as what has 
been described in Sec. II A, the beam parameters at the end 
of the shorter (5-cm-long) electron suppressor are estimated: 
beam size D= 1.2 cm and beam divergence A0=126 mrad. 
Measured data at this location showed a somewhat higher 
value of both D and Ar>,3 the ion source parameters were not 
optimized in this case. 

The SSC RFQ acceptance for a 30 mA, 35 kV H~ beam 
is given by the Twiss parameters: a=1.26, 0=1.86 cm/rad, 
ire„-0.2 v mm mrad. Thus the matching condition dictates' 
that the beam parameters at the tip of the RFQ vane should 
be beam radius=1.3 mm and the corresponding slope of the 
beam envelope =-89 mrad. The match point is located at 
about 3 cm downstream from the front wall of the SSC RFQ; 
this poses a big challenge to match the full beam current (30 
mA) into the RFQ acceptance ellipse. 

With the above knowledge of the beam parameters at the 
input as well as at the output of the LEBT, the lens elements 
are set up—the key point is that the emittance growth in the 
LEBT should not exceed a factor of about 1.5. We have 
concluded from the numerous simulation studies of the beam 
dynamics that a combination of a set of six ESQ lenses and 
a single-stage short einzel lens module at the end will create 
a very flexible environment to deliver a satisfactory solution. 
The ESQ lenses gradually transform the divergent beam 
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TABLE I. ESQ lens parameters. The spacing corresponds to the gap be- 
tween the lens electrode and its neighboring ground plate. The voltage on a 
lens is of opposite polarity with respect to its immediate neighboring ones. 

Lens 
No. 

Aperture 
radius (mm) 

1 &6 
2&5 
3&4 

15.0 
22.0 
22.0 

Electrode 
radius (mm) 

17.2 
25.2 
25.2 

Length 
(mm) 

Spacing 
(mm) 

Voltage 
OcV) 

25.0 
59.0 
47.0 

2.0 
2.0 
2.0 

5.0 
7.8 
9.8 

from the source into a moderately convergent one creating 
almost a mirror image of the input beam. The einzel lens can 
then efficiently handle this beam to match it into the RFQ. In 
order to satisfy the initial emittance requirement, the beam 
envelope through the ESQ lenses is kept within about 75% 
of the quadrupole aperture, and it is maintained within about 
50% of the aperture of the einzel lens. 

The design of the ESQ lenses follows a simulation tree 
threading three codes; details about the code have been re- 
ported elsewhere.4 First, a linear beam optics code solves the 
KV envelope equations for a given set of input beam param- 
eters; the external focusing force due to the quadrupoles is 
assumed to be of hard-edge type. Second, a 3D LAPLACE 
solver is used to map the field of the ESQ lens system. Fi- 
nally, the results from these two steps are used in the modi- 
fied PARMILA,5 a particle simulation code, to evaluate the 
distribution of the beam particles through the ESQ LEBT. A 
loop through the three codes is manually generated to opti- 
mize the lens parameters. 

The essential parameters of the ESQ lens system are 
given in Table I. Figure 2 shows the KV envelope solution. 
Note that the output beam is almost of the same size as the 
input beam, while the slope is of opposite sign. The lens 
geometry is then included in the 3D LAPLACE solver to 
evaluate the fringe fields. The evolution of the phase-space 
distribution of the beam particles, as they propagate through 
the ESQ LEBT, is evaluated by the modified PARMILA 
code. This is a 20 code where 3D external field and 2D 
space-charge (each charge element is considered as a ring) 
field have been used. Figure 3 shows the beam distribution at 
the input and output of the ESQ LEBT; the input beam (30 
mA) is represented by a group of 5000 macroparticles with a 
KV type distribution. The distortions in the output beam are 
very modest, and the emittance growth is about a factor of 
1.5. The estimated output beam parameters at a distance of 7 
mm downstream from the end of the sixth lens are: beam 
excursions in the x and y directions are *=7.2 mm and 
Y=7.3  mm, respectively;  the corresponding slopes are 
A" = - 51 mrad and Y' = -51 mrad. The emittance growth 

E   22 
E 

*: 11 
E 
£   0 

^^K^ 
X        ( >                20               M 

z(cm) 

FIG. 2. Beam envelopes in x and y directions through the ESQ LEBT 
assuming a hard-edge focusing function. 
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100 TABLE II. Einzel lens parameters. 
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FIG. 3. Particle distribution in phase space: at the input of the ESO LEBT 
(top); at 7 mm downstream from the sixth lens of the ESQ LEBT (middle 
and bottom). 

is reduced to a factor of about 1.2, if the energy of all the 
particles across any cross section of the beam through the 
LEBT is held-constant numerically; this shows that a signifi- 
cant fraction of beam distortions is due to the chromatic ab- 
erration. 

The beam from the ESQ LEBT is coupled to an einzel 
lens for final focusing. The einzel lens is designed using the 
SNOW-2D code.6 The particle trajectory through the einzel 
lens is shown in Fig. 4; the lens parameters are given in 
Table II. The Twiss parameters describing the effective el- 
lipse from the output beam from the ESQ LEBT (Fig. 3, 
middle and bottom) are used to generate the input beam pa- 
rameters for the einzel lens. The beam distributions at the 
input (center of the first grounded electrode) and the output 
(approximate location of the tip of the RFQ vane) are shown 

a.u 

1.1.5 
u 

1 

rr 

0 
0 2 4 6 

z(cm) 

FIG. 4. Particle trajectory through the einzel lens section. 

Aperture radius 
of the center 

electrode (mm) 
Thickness of the center 

electrode (mm) 
Spacing" Voltage 

(mm) (kV) 

17.0 10.0 7.0 -26.0 

The spacing corresponds to the gap between the center electrode and the 
neighboring ground electrodes. 

in Fig. 5. The matching of the beam appears to be quite 
good; the einzel lens does not yield any noticeable distor- 
tions of the beam. 

III. DISCUSSIONS AND CONCLUSIONS 

This article addresses some keypoints to develop an ef- 
ficient LEBT system using detailed simulation of the beam 
dynamics when many practical features have been consid- 
ered in the light of a planned experiment at the SSCL injector 
test stand. Emittance measurements of a 30 mA, 35 kV H~ 
beam from the SSCL volume source have been studied to 
characterize the beam from the source and thus reliably set 
up the input parameters in the design. The system parameters 
have been chosen so that the external focusing force acts on 
the beam envelope almost adiabatically and the phase of the 
envelope changes very smoothly; this procedure allows to 
control the emittance growth. By cascading two types of fo- 
cusing elements, an ESQ section and a short einzel lens, we 
have been able to obtain a satisfactory solution of the par- 
ticular problem. The emittance growth in the entire LEBT 
system for 30 mA, 35 kV beam is kept within a factor of 
about 1.5. In order to avoid too many control parameters in 
the experiment, the ESQ LEBT section is so designed that 
the electrodes of the six lenses are stacked one above the 
other and the entire system is self-aligned mechanically. This 
requires a very high level of precision in the fabrication of 
each component as well as in assembling them together. A 
prototype ESQ LEBT has been made and its mechanical 
characteristics have been described earlier;1 the same prin- 
ciple is being followed in developing the LEBT system de- 
scribed in this article. 

100 
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2 
E, 

-100 
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-100 I 
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FIG. 5. Particle distribution at the input (top) and output (bottom) of the 
einzel lens. 
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OPTIMAL CONTROL OF LOW ENERGY PARTICLE BEAMS' 

Christopher K. Allen, Samar K. Guharay, and Martin Reiser 
Institute for Plasma Research 

University of Maryland 
College Park, MD 20742 

Abstract 

The transport and matching problem for a low energy particle beam is addressed 
from a control theoretical viewpoint. We model the particle beam using the KV 
envelope equations. With this model we formulate the optimal control problem. 
Dynamic programming is used to solve the this problem. Focusing functions are 
computed which satisfy the matching conditions and optimize selected design 
criteria.   Examples and their solutions are presented. 

1.0 INTRODUCTION 
The design of particle beam transport 

and matching systems has typically been 
accomplished in much the same way as an 
experiment is run1. A computer program is 
used to simulate the behavior of the beam in a 
given transport system. The knobs of this 
simulated system are then adjusted until a 
satisfactory solution is obtained. This can be 
a lengthy and arduous process. The progress 
of such a procedure relies completely upon the 
experience, judgement, and intuition of the 
designer. 

It is the goal of this work to utilize the 
principles of optimal control theory in the 
design of beam transport and matching 
systems. We present an automated technique 
which determines the optimal lens strengths to 
match the beam envelope to a prescribed final 
state. In this paper, we consider an 
axisymmetric Low Energy Beam Transport 
(LEBT) section where space charge plays a 
dominant role. 

2.0 THE MATHEMATICAL MODEL 
We model the particle beam using the 

KV envelope equations. Consider the one 
dimensional (axisymmetric) case. The beam 
is centered on axis, with envelope radius given 
by R=R(z), z being the axial distance. This 
system may be described by the single 
differential equation2 

R" + K(Z)R - - - — 
R Rl 

0,     (1) 

where the prime indicates differentiation with 
respect to z, K(Z) is the focusing (control) 
function, K is the generalized beam perveance, 
and s is the effective emittance of the beam. 
In the case of a transport and matching system 
we are also given intial conditions at z=z, and 
desired final conditions at z=zfi z, and zf being 
the entrance and exit locations of the LEBT, 
respectively.  Thus, we have 

R{z) = Rit R(zf) = Rp 

R'(z,) = /?/,        R'ty = */, 
(2) 
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would be chosen by the designer). If R(z) is 
the actual solution to a given set of controls 
{K„}, then a plausible merit functional J for 
the solution trajectory R(z) is given by 

*r 
J 8 f[R(z)-R(z)fdz. (8) 

Since we are concerned with a discrete system, 
we subsection the interval of integration to 
yeild a merit functional J„ for each stage, 

N-\ 

Vi 

Jn 
s f[R(z)-mfdz. (9) 

Note that the state trajectory x(z) for ze [z„,zn+l] 
is completely determined by K„ and xn 

according Eq. (6). Thus, Jn=JJxnxJ and Eq. 
(8) has the form 

N-\ 
J =   E Jn(Xn>*nY (10) 

n-0 

We may now state the formal optimal control 
problem as follows: find the sequence of 
controls {KJ which steers the system state 
from xt to xf according to the dynamics of Eq. 
(5) and which minimizes the merit functional 
of Eg. (10). 

4.0 DYNAMIC PROGRAMMING 
With some modification, our control 

problem is a suitable candidate for dynamic 
programming. Instead of imposing the 
boundary condition of Eq. (7) as a hard 
constraint, we create a cost functional ^(x^ 
for the final state.  For example, 

w?d ■ cx(RN-Rf? * c2(<-/?;)2(11) 

where c, and c2 are real numbers to be used as 
tuning parameters. Now we add this 
functional to our merit functional of the 
previous section to obtain 

J - im*.*«*) + *0<J 
n-0 

(12) 

The principle behind dynamic 
programming is to embed our optimal control 
problem in a family of problems with variable 
initial states x and initial times k. As such, we 
define the value function V(k,x) as follows: 

w-i 

Vfoc)* n-k 

<K*) k=N 

V7I+1 
n=k,k+l,...,N-l, 

(13) 
That is, V(k,x) is the value of the merit 
functional   starting   from   the   initial   time 
ke{0 N-l} and with initial state x. 

Dynamic programming relies upon the 
following fact for discrete systems5: 

V(k,x) = min {/,(*, K) + V{k+lJk(x,K))} 

K(M*)=<K*) 
(14) 

where ke{0,...,N-l} and Qk is some constraint 
set for the control K,.. We may recursively 
solve Eq. (14) backwards, the minimization 
procedure yielding the optimal control at each 
stage k. Since we do not know the optimal 
trajectory a priori, we must solve Eq. (14) for 
every feasible state x„ at each stage n=0 N- 
1. Consequently, the procedure is very CPU 
demanding. 

5.0 EXAMPLES 
Example 1: Consider the transport 

section depicted in Figure 1. Let Z,„=2.5cm 
and /„=2.5cm for each n. The initial drift 
space also has length 2.5cm. Let the beam 
have generalized perveance K=0.0l and 
effective emittance e=10'4m-rad.   The initial 
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Figure 2:   Example 1 

envelope conditions are i?,=lcm and 
i?,'=20mrad. The desired final conditions are 
R/=\cm and /?/='20mrad. We use for the 
reference trajectory R(z)=\cm. The optimal 
control sequence for this example is computed 
to be {220, 250, 216} in units of 1/m2.  Fig. 2 
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Figure 3:   Example 2 

plots the corresponding K(Z) for this set along 
with the resulting trajectory R(z) and reference 
trajectory R(z). 

Example 2: In this example we keep 
the same geometry and beam parameters but 
change the initial conditions and the reference 
trajectory. Let /?,=2cm and A/=0mrad. Let 
the reference trajectory be the series of straight 
lines shown in Fig. 3. The control sequence is 
computed to be (263, 20.5, 16.8} (again in 
units of 1/m2), and the corresponding solution 
data are depicted in Fig. 3. 

6.0 CONCLUSION AND FUTURE WORK 
The technique outlined here works well 

for the one-dimensional transport and matching 
problem. It is a fairly robust method which 
yields global results; however, it requires 
intensive computation. Our implementation 
was performed on an i486 CPU and ran about 
15 minutes for each case. The result of this 
computation is essentially a map of the 
optimal control K„ over the feasible state 
space. Thus, it is unnecessary to recompute 
the optimal controls for a change in initial 
conditions as long as the initial state and 
subsequent states lie in the feasible region. 

Our current research is concerned with 
the transport and matching problem using 
quadrupole lenses. As such we use the two- 
dimensional coupled envelope equations as 
mathematical model. Due to the added 
dimensionality and the more complex action of 
the quadrupole lenses, the computational 
demand of dynamic programming may become 
prohibitively large. Thus, we will most likely 
need to develope an alternative procedure. We 
are currently considering a variation of 
parameters approach (continuation methods) 
from a linearized envelope equation. 

The authors wish to thank Gilmer Blankenship 
for useful discussions. 
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